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ABSTRACT

Background: Thymic epithelial tumors (TETs) are rare malignancies with unique association to the
autoimmune disease myasthenia gravis (MG). Heat shock proteins (HSPs) harbor great potential as
cancer biomarkers and HSP inhibitors approach clinical cancer therapy.

Methods: To explore HSP pathophysiology, we assessed sera (immunoassays) and tissues (immunohis-
tochemistry) of TETs (and thymic tissues) for HSP27, phosphorylated (p)HSP27, HSP70 and HSP90a
expression in 114 TETs and 26 non-thymomatous MG patients undergoing extended thymectomy.
Results: Serum concentrations of HSP90a were significantly increased in patients with thymic carcino-
mas, thymomas, thymic neuroendocrine tumors and non-thymomatous MG compared to patients who
underwent thymectomy revealing regular thymic morphology or controls. In thymoma patients, high
serum HSP90a represented a significantly worse prognostic factor for free-from-recurrence, and com-
plete tumor resection led to decreased levels. The expression of HSP90 in nuclei and cytoplasm of tumor
cells and non-neoplastic lymphocytes varied with WHO histological subtype. HSP90 was expressed in
centroblasts of thymic germinal centers in MG patients. Higher pHSP27 serum concentrations were
observed in seropositive MG and those not treated with steroids.

Conclusions: HSP data suggest high potential for HSPs as TET cancer biomarkers or as candidates for
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targeted therapy. Caution is warranted in TET patients with associated MG overexpressing HSPs.

Background

Thymic epithelial tumors (TETs), comprising thymomas and
thymic carcinomas (TCs), and thymic neuroendocrine tumors
(TNETs) are the most common malignancies in the anterior
mediastinum in adults." Although TETSs are slow-growing neo-
plasms with long asymptomatic periods, they have the potential
to metastasize. Interestingly, myasthenia gravis (MG) occurs as
paraneoplastic syndrome in up to 30% of patients with thymo-
mas, while thymomas are recorded in 10-15% of MG patients.”
Complete surgical tumor resection represents the mainstay of
treatment for TETs and should be performed whenever feasible."
Thymic pathologies are histologically categorized according to
the World Health Organization (WHO) classification, which
differentiates six main histopathologic types: A, AB, B1, B2, B3
thymomas and TCs.” The Masaoka Koga staging system distin-
guishes TETs according to their level of invasiveness from I to
IV.* Recently, the International Association for the Study of
Lung Cancer (IASLC) and International Thymic Malignancies
Interest Group (ITMIG) established an evidenced-based TNM
staging system (8™ edition) for thymic malignancies.®

MG is a B-cell-mediated autoimmune disease characterized
by muscle weakness and fatigue that are caused by pathogenic
autoantibodies directed against peptides of the neuromuscular
junction.’ In up to 80 percent of patients autoantibodies
directed against the postsynaptic acetylcholine receptor
(AChR) are detectable.®

Heat shock proteins (HSPs) are highly conserved proteins
that are present in most nucleated cells. HSPs are so-called
“stress proteins” that are upregulated by a variety of different
stressors, such as heat shock, radiation or hypoxia.” HSPs are
grouped according to their molecular weight into main sub-
types, including HSP27, HSP60, HSP70, and HSP90.® The
function of HSPs mainly depends on their localization.
While intracellular HSPs function as molecular chaperones
and inhibitors of apoptosis, extracellular released HSPs act in
a pro-inflammatory manner through toll-like receptors.’
Dysregulated HSPs have already been associated with several
autoimmune diseases, such as Rheumatoid Arthritis,"
Systemic Lupus Erythematosus'' or Multiple Sclerosis."?

Currently, HSP90 inhibitors are tested in preclinical and
clinical phase I to III trials in patients with autoimmune
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Figure 1. Overview description of the patient cohorts and used methodological tests in this study.

ELISA, enzyme-linked immunosorbent assay; HSP, heat shock protein; IHC, immunohistochemistry; pHSP27, phosphorylated heat shock protein 27; ROC, receiver
operating characteristic; TC, Thymic Carcinoma; TET, Thymic Epithelial Tumor; TNET, Thymic Neuroendocrine Tumor.

diseases and cancers: psoriasis,”’14 breast cancer,'’ gastric
cancer,'® advanced epithelial ovarian and primary peritoneal
carcinoma,'” hepatocellular carcinoma'® or metastatic uveal
melanoma.’® So far, the exact mechanisms of anti-cancer
effects remain mostly unknown. Particularly, the approach
to use HSP90 inhibitors combined with other anti-neoplastic
drugs has shown promising results.'”*

In 2016, we reported differentiated expression patterns in
different histological types and pathological tumor stages of
HSP27 and HSP70 in patients with TETs and/or MG; and the
correlation of weak HSP27 and HSP70 tumor expression with
worse freedom-from recurrence. Similarly, we detected
increased HSP27 and HSP70 serum concentrations in TET and
MG patients correlating with tumor stage and histological types.
In non-thymomatous thymic glands of MG patients, we found
HSP27 and HSP70 expression in dendritic cells (DCs) of germ-
inal centers (GCs) and thymic epithelial cells with mantle zone-
like distribution. There was no expression of HSP27 or HSP70 in
lymphocytes of the tumor microenvironment of TETs, hyper-
plastic or regular thymus in patients with and without MG.*!

The aim of this study was to elucidate the unknown role of
HSP90 and close knowledge gaps for the role HSP27, HSP70 in

patients with TETs. The primary objective was to determine
HSP90a, 70, 27 and pHSP27 serum concentrations in patients
with TETs (with or without MG) and non-thymomatous MG.
The secondary objective was to evaluate the expression of HSP90
in tumor tissue of patients with TETs. Furthermore, we explored
the diagnostic and prognostic potential of HSPs for our patient
cohorts.

Material and methods
Ethics statement

Ethical approval was obtained from the Institutional Ethics
Committee of the Medical University of Vienna (EC#302/
2011). All participating patients and volunteers gave their
written informed consent. All experiments were performed
in accordance with the approved ethical guidelines.

Study population

The study cohort comprises 114 patients with TETs treated at
a single European Thoracic Surgery Center (Division of Thoracic



Surgery, Medical University of Vienna) between September 2000
and February 2018 (see Figure 1 for the study design). Expert
pathologists (L.M. and A.LS) performed histological subtyping
according to the WHO classification system. In order to ensure
consistent statistical analysis, WHO mixed type thymomas were
classified with their most malignant part (e.g. B2/B3 thymomas
were classified as B3 thymomas). Tumor volume, expressed in
[em®], was determined from measurements of the pathological
specimen in the craniocaudal, axial and anterior - to — posterior
axis.

The diagnosis of MG was established by a neurologist
specialized in the diagnosis and treatment of patients with
MG in every case. See supplementary material for details on
MG diagnosis. In our TET patient cohort, there was one
patient with thyroiditis and with Cushing syndrome.

There were 86 patients with thymomas and 28 patients with
TCs. Only patients undergoing surgical tumor resection,
enabling the pathologic examination of the complete tumor
specimen in order to verify combined tumors, were included
in this study. Three patients referred for definitive chemotherapy
(ChT) after surgical tumor biopsy were excluded from outcome
analysis. All other patients underwent extended thymectomy -
the surgical removal of the entire thymic gland in conjunction
with the en-bloc resection of mediastinal fatty tissue, potentially
harboring microscopic foci of thymic tissue. Indications for
surgical extended thymectomy included: histologically verified
TET, radiological suspicion of TET (mediastinal mass) or thy-
mectomy in patients with MG. All patients with a second pri-
mary malignancy were excluded from this study. The blood
draw to obtain serum samples for further analyses had to be at
least 4 weeks apart from the last applications of ChT or surgery.
The following clinical conditions led to exclusion from the study:
pneumonia, COPD exacerbation and acute cardiac insufficiency.
Patients with acute infections based on medical reports were
excluded from analysis.** See Table 1 for patient demographics.

We analyzed serum samples of 114 patients with TETSs
(32 [28.2%] with paraneoplastic MG). Furthermore, we
included 20 patients undergoing extended thymectomy
whose final pathologic report revealed regular thymic archi-
tecture (12 of those had MG and eight were without MG;
none of them had a TET). Fifty-eight gender- (51.7% female;
p = .805) and age-matched (54.7 = 2.6 years; p = .916)
healthy volunteers donated control serum. None of the
healthy volunteers suffered from acute or chronic diseases.
Further, none of them took any medication three months
before the blood draw.

Table 1 lists the demographic data of 114 TET patients.
Forty-five percent of patients with thymomas and 92.9% of
patients with TCs underwent multimodal treatment (regimens
combining surgery with radiotherapy [RT] and/or ChT, see
supplementary material for details).

Longitudinal analysis

In a subgroup of 13 patients with TETs (5 TCs and 8 thymomas)
pre- und and postoperative serum samples were available (at
a median of 80.73 months after surgery). Inclusion criteria for
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Table 1. HSP90a serum concentrations in TETs, basic demographic data and
clinicopathologic characteristics. HSP90a serum concentrations in patients with
TETs according to basic demographics, tumor staging systems (Masaoka-Koga
and TNM 8" edition) and the WHO histological classification system.

n % HSP90a [ng/ml*  p value
Age mean (median) SD 55.4 (55.3) 0.916°
+14.9;
<554 142 £ 14
>55.4 134 +13 0.685°
Female:male ratio n (%) 58:56 (50.9): 0.805¢
(49.1)
Male: 13.3 £ 1.3
Female: 14.2 + 1.4 0.630°
BMI mean (median)+SD 26.8(26.3)+5.1
<26.8 148 £ 1.6
>26.8 127 £12 0.298°
TETs
Thymoma 86 (75.4) 122 +1.0
TC 28(24.6) 185+ 23 0.005°
WHO classification
A 12(10.5) 117 £22
AB 15(13.2) 93 +21
B1 10(8.8) 146 + 3.2
B2 27(23.7) 113+16
B3 17(14.9) 16.7 £ 2.7
TC 28(24.5) 185 +£23
Squamous carcinoma 24(85.6)
Basaloid carcinoma 1(3.6)
Adenocarcinoma 1(3.6)
Lymphoepithelioma-like 1(3.6)
carcinoma
Undifferentiated carcinoma 1(3.6)
MNT 5(4.4) 74+22 0026
Masaoka-Koga staging
1=l 74(64.9) 120 £ 1.1
-1V 40(35.1) 170+ 17 0.013°
| 32(28.1) 126 £ 2.0
1l 42(36.8) 116 £13
1l] 17(14.9) 175+ 25
\' 23(20.2) 16.6 + 2.3 0.096°
TNM8™ staging system
1=l 77(67.5) 123 £ 1.1
-1V 37(32.5) 167 £ 1.8 0.033°
| 74(64.9) 122 £1.2
1l 3(2.6) 153 £ 3.9
1] 14(12.3) 16.9 + 2.9
v 23(20.2) 16.6 + 2.3 0.190°

*WHO combined TETs were classified according to the more malignant tumor
component, e.g. B2/B3 thymomas were classified as B3 thymomas

“mean + SEM

Punpaired t test

Chi squared test (TETs (n = 114) vs. healthy volunteers (n = 58))

90ne-Way ANOVA

HSP90q, heat shock protein 90a; n, number of samples; SD, standard deviation;
SEM, standard error of the mean; TC, Thymic Carcinoma; TET; Thymic Epithelial
Tumor; WHO; World Health Organization.

repeated measures were complete surgical tumor resection of
TETs (R0), no adjuvant therapy during the last month, and no
sign of recurrence or a second primary malignancy.

Patient cohort with non-thymomatous MG

In addition, we analyzed 26 patients (80.8% female) with non-
thymomatous MG that were age- (30.15 + 8.39 vyears;
p < .001) and gender-matched (80.8% female; p = .226) to
healthy volunteers for the serum secretion of pHSP27, HSP27,
HSP70 and HSP90a. Longitudinal analysis of matched pre-
operative and postoperative blood samples was performed.
We included sub-analyses of response to treatment (extended
thymectomy), steroid treatment, seronegative and seropositive
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patients. Further characterization of MG patients can be
found in supplementary material (Patient cohort with non-
thymomatous MG).

Patient cohort with benign thymic pathologies

Furthermore, we analyzed 20 patients (45.0% female) with
a mean age of 37.0 + 15.0 years with benign thymic pathologies
(regT). This patient cohort consists of patients with thymitis
(n = 5), true thymic hyperplasia (TTH) (n = 2), regular thymic
morphology (n = 10), and highly atrophic thymic morphology
(n = 3). Patients with regT underwent extended thymectomy
because of radiological suspicion of a TET. Patients underwent
surgery via video-assisted (3 patients) or robotic-assisted thor-
acoscopic surgery (17 patients).

Laboratory procedures

Blood samples were collected on the day before surgery. Blood
was drawn from the antecubital vein into serum separator gel
tubes. Serum was separated by centrifugation (15 minutes at
2845 x g). All samples were transferred to —80°C within
2 hours. The study was conducted at the research laboratories
of the division of thoracic surgery (ARGE Moser, FOLAB
Chirurgie) at the Medical University Vienna.

Tumor HSP90 expression assessed by
immunohistochemistry

Tumor tissues of completely resected TETs from 101 patients
(78 thymomas and 23 TCs) were analyzed for HSP90 protein
expression by immunohistochemistry. The following thymic
tissue specimens from patients without neoplasms (no TETS)
were investigated for HSP90 expression: regular thymic tissue of
six MG patients and four patients without MG, TTH from five
patients without MG and follicular thymic hyperplasia (FTH)
from five patients with MG. See supplementary material for
details on immunohistochemical techniques and analysis.

Enzyme-linked immunosorbent assay (ELISA)

HSP serum concentrations were measured by commercially
available ELISA kits: Human HSP27 DuoSet® (R&D Systems
#DY 1580, Minneapolis, MN, USA), Phospho-HSP27 (S78/582)
DuoSet’IC ELISA (R&D Systems #DYC2314-5), Total-HSP70
/HSPA1A DuoSet’IC (R&D Systems #DYC1663) and HSP90a
(Enzo Life Science #ADI-EKS-895, Lausen, Switzerland). All
tests were performed according to the manufacturer's instruc-
tions. Researchers performing the immunoassays and data ana-
lyses were blinded to the groups associated with each sample.

Graphical overview

The graphical overview was designed using Adobe InDesign
software (version 14.0.3; Adobe Inc., San José, CA, USA).

Statistical analyses

Data were computed with SPSS software (version 25.0; IBM
SPSS Inc., Chicago, IL, USA). Gaussian distribution of data
was tested by graphical means (histograms). Normally dis-
tributed data were reported as mean * standard error of the
mean. To compare means of two or more than two indepen-
dent groups with Gaussian distributions, unpaired student’s
t tests and one-way ANOVA were employed, respectively.
Non-normal distributions were evaluated using Kruskal-
Wallis rank and Mann-Whitney-U test. Post hoc comparisons
were computed with the Tukey’s-B and Bonferroni correction.
Paired student's ¢ test was employed to analyze two depen-
dent datasets. Chi-square test was employed to analyze
dichotomous variables (e.g. gender).

The probability of making a type I error was set at an a
value of 0.05. Null hypotheses were rejected if the p-value was
less than a. Testing for two-tailed p-values was employed.
Pearson correlation r was used to analyze linear relationships
between two numerical measurements, whereas Spearman rho
was used for ranked variables. The product limit method of
Kaplan and Meier was employed to estimate survival. The log-
rank was used to compare survival distributions of two sam-
ples. The following outcome measures as defined by ITMIG
(67) and the European Society of Thoracic Surgeons (ESTS)
Thymic Working group were tested: overall survival (OS),
cause-specific survival (CSS) and freedom-from recurrence
(FFR; see Supplementary Material for definitions).”>** Cox
regression was performed to assess the prognostic impact of
HSP90 on outcome and to calculate Hazard Ratios (HR) with
corresponding 95%-confidence intervals (CI). Univariable and
multivariable analyses were calculated for the following para-
meters: gender (male vs. female), age (continuous), MG (posi-
tive vs. negative), histology (TC vs. thymoma), resection status
(R1 + 2 vs. RO), tumor stage (III-IV vs. I+ II), tumor volume
[em?] (continuous) and HSP90a (high vs. low). In order to
determine optimal cutoff values for HSP90a, we plotted recei-
ver operating characteristic curves and calculated the Youden
Index. GraphPad Prismé6 (GraphPad Software Inc., California,
USA) was used for graphical display of all box plots, Kaplan-
Meier curves and correlations. Boxplots were designed as
follows: Box: 1% and 3™ quartile, Bar: median, Whiskers:
minimum to maximum, +: mean. All outliers are shown.

Results
HSP90a serum concentrations in patients with TETs

Higher systemic HSP90a levels in patients with TETs
compared to benign thymic pathologies or healthy
volunteers

Patients with TETs had significantly higher HSP90a serum
concentrations compared to healthy volunteers (HSP90a[ng/
ml] TETs 13.8 + 1.0 vs. healthy volunteers 6.2 £ 0.4; p < .001;
Figure 2a) and regTs (HSP90a[ng/ml] TETSs vs. regT 6.2 + 0.9;
p < .001; Figure 2a), respectively. Moreover, HSP90a serum
concentrations were significantly increased in patients with
TCs (HSP90a[ng/ml] TC 18.5 + 2.3 vs. regT; p < .001; Figure
2b) and thymomas (HSP90a[ng/ml] thymoma 12.2 £+ 1.0 vs.
regT; p < .001; Figure 2b) compared to regTs. Furthermore,
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Figure 2. Serum concentrations of HSP90a in patients with TETs. The differences in serum concentrations of healthy volunteers, patients with regular thymus as well as TETs are
depicted (a). HSP90a serum concentrations in healthy volunteers or patients with regular thymus in comparison to patients with thymomas and TCs are shown (b). An analysis
HSP90a serum concentrations of the particularly rare cases of TNETs (n = 4) is shown (c). Further, the analysis of HSP90a serum levels in patients according to Masaoka-Koga
stages (d), and the 8" TNM edition (e) are displayed. The longitudinal analysis of HSP90a serum concentrations before and after extended thymectomy for TETs is depicted (f).
The FFR survival analysis in thymomas separated according to high or low HSP90 serum level status is depicted (g). The CSS analysis in thymomas separated according to high or

low HSP90a serum level status is shown (h).

HSP90q, heat shock protein 90 a; MNT, Micronodular Thymoma; n, number postOP; postoperative samples; preOP, preoperative samples; regT, benign thymic
pathologies; TC, Thymic Carcinoma; TETs, Thymic Epithelial Tumors; TNET, Thymic Neuroendocrine Tumors; TNM, Tumor Node Metastasis; WHO, World Health

Organization.

HSP90a serum levels were significantly increased in patients
with TCs (HSP90a[ng/ml] TC vs. healthy volunteers; p < .001;
Figure 2b) and thymomas (HSP90a[ng/ml] thymoma vs.
healthy volunteers; p < .001; Figure 2b) compared to healthy

volunteers. There was no significant difference in HSP90a
serum concentrations between regTs and healthy volunteers
(p = .935, Figure 2b). HSP90a serum concentrations in
patients with TNETs (n = 4) were significantly higher
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compared to those of healthy volunteers (HSP90a[ng/ml]:
TNETs 11.8 + 1.6 vs. healthy volunteers; p = .001; Figure
2¢), respectively.

Increased HSP90a serum concentrations in advanced
Masaoka-Koga and TNM stages

Patients with TETs in Masaoka-Koga stages III-IV (n = 40)
had significantly higher HSP90a serum concentrations com-
pared to stage I-II tumors (n = 74) (HSP90a[ng/ml]: III-IV
17.0 £ 1.7 vs. I-II 12.0 + 1.1; p = .013; Figure 2d), respectively.
See also Table 1.

In addition, we retrospectively staged all TETs (n = 114)
according to the TNM 8™ edition. Stages I-II displayed sig-
nificantly lower HSP90a levels compared to stages III-IV
(HSP90a[ng/ml]: I-1I 123 + 1.1 vs. III-IV 167 + 18;
p = .033; Figure 2e). One-way ANOVA did not show statis-
tically significant differences of HSP90a serum concentrations
between stages I, II, III and IV (p = .190; Table 1).

Higher systemic HSP90a levels in patients with TCs
compared to thymomas
Serum concentrations of HSP90a were significantly lower in
thymoma compared to TC patients ([ng/ml]: 12.2 + 1.0 vs.
18.5 = 2.3, p = .005). In contrast, serum concentrations of
other HSPs showed no statistically significant differences
between thymoma and TC: pHSP27[pg/ml]: 172.5 £ 55.0 vs.
462.9 + 184.2 (p = .068), HSP27[pg/ml]: 1215.6 £+ 260.0 vs.
1512.3 + 467.0 (p = .552), and HSP70[pg/ml]: 2391.2 + 351.1
vs. 3716.6 = 600.0 (p = .051), respectively. One-way ANOVA
computed a statistically significant difference for HSP90a
secretion among WHO types micronodular tumor (MNT),
A, AB, Bl1, B2, B3 and TC (p = .026; Table 1). Unpaired
comparisons of the thymoma subtypes revealed a difference
for AB vs. B3 (p = .043), but no other differences: A vs. AB
(p = .442), A vs. Bl (p = .448), A vs. B2 (p = .895), A vs. B3
(p =.194), AB vs. Bl (p = .155), AB vs. B2 (p = .452), B1 vs. B2
(p = .324), B1 vs. B3 (p = .616), B2 vs. B3 (p = .077), MNT vs.
A (p =.268), MNT vs. AB (p = .623), MNT vs. Bl (p = .143),
MNT vs. B2 (p = .320), MNT vs. B3 (p = .090). TCs displayed
higher serum HSP90a compared to B2 (p = .015), and AB
thymoma (p = .013), but not to other thymoma subtypes
(MNT (p = .058), B3 (p = .642), B1 (p = .373) or A (p = .088)).
Nonetheless, forming groups with different WHO subtypes
revealed statistically significant differences: MNT+A+AB+B1 vs.
B2+ B3+ TC group (HSP90a[ng/ml]: 11.0 £ 1.3 vs. 15.4 £ 1.3;
p =.029) and MNT+A+ AB+B1+ B2 vs. B3+ TC (HSP90a[ng/
ml]: 11.1 + 1.0 vs. 17.8 £ 1.8; p = .001), respectively. The
comparison of the groups with thymoma patients only (TCs
omitted): A+ AB+B1 vs. B2+ B3 (HSP90a[ng/ml]: 11.5 + 1.4
vs. 13.4 £ 1.5; p = .358) and similarly MNT+A+ AB+B1 vs. B2
+ B3 (HSP90a[ng/ml]: 11.0 £ 1.3 vs.13.4 + 1.5; p = .225) did not
show statistically significant differences, respectively.

Decreased serum concentrations of HSP90a after surgical
tumor resection

Longitudinal analysis of pre- and postoperative serum samples
revealed significantly lower HSP90a serum concentrations after
surgical TET resection (HSP90a[ng/ml]: preoperative 13.6 £ 2.8
vs. postoperative 6.9 + 1.1; p = .014; Figure 2f).

Equal HSP90a serum concentrations in TET patients with
and without MG

There was no significant difference in HSP90a serum concen-
trations in TET patients with or without paraneoplastic MG
(HSP90a[ng/ml]: TET(MG') 11.7 + 15 vs. TET(MG")
146 £ 1.2; p = .186; Figure 3a), TET(MG+) and non-
thymomatous MG (HSP90a[ng/ml]: TET(MG") 11.7 + 1.5
vs. MG 10.3 + 0.8; p = .525; Figure 3a). However, we were
able to reveal statistically significant differences between non-
thymomatous MG and TET(MG") patients (HSP90a[ng/ml]:
MG 10.3 + 0.8 vs. TET(MG") 14.6 + 1.2; p = .007; Figure 3a).

Only very weak correlations of HSP90a serum
concentrations with clinical and pathological parameters
There were weak statistical correlations of HSP90a serum
concentrations with Masaoka-Koga (I+ II vs. III+IV:
r = 0.249, p = .008) and TNM®" staging (I+ II vs. III+IV:
r = 0.209, p = .026). There were no statistically significant
correlations with age, gender, multimodality treatment, para-
neoplastic MG, and tumor volume, respectively.

Survival analysis

Worse FFR in thymoma patients with high HSP90a serum
concentrations

High HSP90a serum concentrations in patients with thymomas
(n = 84); cutoff: 24.9 ng/ml) were associated with significantly
worse FFR (p = .008, Figure 2g). The diagnostic accuracy to
predict tumor recurrences can be described with a sensitivity of
37.5% (3 out of 8), specificity of 93.4% (71 out of 76), PPV of
37.5% (3 out of 8), and NPV of 93.4% (71 out of 76). One-, five-
and ten-year FFR for patients with thymomas separated into
groups with high and low HSP90a levels were as following:
87.5% vs. 98.6%, 87.5% vs. 94.8% and 70% vs. 83.5%, respec-
tively. There was no statistically significant difference in OS
(cutoff: 5.5 ng/ml; p = .390) and CSS for thymomas (cutoff:
5.5 ng/ml; p = .213, Figure 2h), respectively.

The analysis of HSP90a serum concentrations in patients
with TETs (thymomas and TCs together) revealed no statis-
tically significant differences in OS (cutoff: 18.3 ng/ml;
p = .077), CSS (cutoff: 6.4 ng/ml; p = .116) and FFR (cutoff:
20.8 ng/ml; p = .058), respectively.

Univariable and multivariable analyses

HSP90a serum concentrations in thymoma patients are an
independent prognostic factor at multivariable analysis

At univariable cox-regression analysis for thymoma patients,
tumor Masaoka stage (III+IV vs. I+ II) (HR = 8.045, p = .011,
CI-95%:1.620-39.949) and HSP90a serum concentrations
(high vs. low) (HR = 5.612, p = .019, CI-95%:1.332-23.654)
were independent prognostic factors for worse FFR. Other
tested parameters, including gender, age, MG, and tumor
volume displayed no statistically significant prognostic fac-
tors. Analogously, multivariable analysis of thymoma patients
revealed Masaoka tumor stage III+IV (HR = 7.173, p = .016,
CI-95%:1.436-35.831) and high HSP90a serum concentra-
tions (HR = 4.548, p = .040, CI-95%:1.070-19.325) as prog-
nostic factors for worse FFR.
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Figure 3. Serum concentrations of HSP90a in patients with non-thymomatous MG. The serum differences of HSP90a in patients with non-thymomatous MG, TET
(MG*), TET (MG") and healthy volunteers are shown (a). Further analysis of non-thymomatous MG patients according to the detection of antibodies to acetylcholine
receptor antibodies (seropositive vs. seronegative is depicted (b). Moreover, the analysis of pHSP27 serum concentrations in patients with non-thymomatous MG
receiving treatment with steroids is shown (c). The HSP90a serum concentration in patients improved after thymectomy and those who did not respond properly is

depicted (d).

HSP90a, Heat Shock Protein 90a; MG, Myasthenia Gravis; TET(MG+), Thymic Epithelial Tumors associated myasthenia gravis; TETs, Thymic Epithelial Tumors.

HSP90 tissue expression

HSP90 expression in tumor tissue of TETs

The expression of HSP90 in nuclei and cytoplasm of tumor
cells and non-neoplastic lymphocytes varied with WHO his-
tological subtype. In Table 2 results are detailed for TET
patients with and without MG.

HSP90 expression in FTH in MG patients, TTH and regular
thymus

We detected HSP90 expression in centroblasts, but not cen-
trocytes, of GCs in 100% of MG patients with FTH (n = 5).
The HSP90 expression in lymphoid follicles of myasthenic
patients is depicted in Figure 4h. Hassall's Corpuscles showed
no HSP90 expression. We did not detect thymic HSP90
expression in four patients with regular thymic morphology
or five patients with TTH.

Elevated HSP serum concentrations in non-thymomatous
MG

Increased HSP90a serum concentrations in patients with
non-thymomatous MG compared to healthy volunteers
The analysis of baseline serum concentrations of HSP90a in
patients with non-thymomatous MG before extended thy-
mectomy revealed elevated HSP90a concentrations compared
to healthy volunteers (HSP90a[ng/ml]: 10.3 £ 0.8 vs. 6.2 + 0.4;

Table 2. Tumor expression of HSP90 in TET patients with or without MG.
Immunohistochemical evaluation of tumor HSP90 expression in relation to
WHO histological subtype classification is shown separately for TETs with and
without MG. HSP90 expression was evident in nuclear and cytoplasmic compart-
ments of tumor cells and non-neoplastic lymphatic cells.

HSP90
MG (+) tumor cells lymphocytes
WHO n nucleus (+) cytoplasm (+)
MNT 1 0% 100% 0%
A 2 100% 50% 0%
AB 2 100% 0% 0%
B1 2 100% 0% 0%
B2 15 87% 20% 47%
B3 5 80% 100% 80%
TC 2 50% 100% 0%
MG (-)
MNT 4 50% 100% 0%
A 8 100% 63% 0%
AB 12 92% 8% 8%
B1 7 86% 14% 0%
B2 1 82% 0% 45%
B3 9 67% 100% 56%
TC 21 67% 95% 0%

HSP90, heat shock protein 90; MG, Myasthenia Gravis; MNT, Micronodular
Thymoma; n, number of samples; TC, Thymic Carcinoma; TET, Thymic
Epithelial Tumor; WHO, World Health Organization.

p < .001, Figure 3a). Investigating baseline serum concentra-
tions of HSP27, p27 and 70 in patients with non-
thymomatous MG before extended thymectomy compared
to volunteers showed no statistically significant differences
for HSP27, pHSP27, and HSP70.
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Figure 4. HSP90 expression in TETs. Inmunohistochemical expression of HSP90 in WHO type A (a), AB (b), B1 (c), B2 (d), B3 (e), TC- Squamous Cell Carcinoma (f) and
MNT (g) is shown (20X and 40X magnification). The representative sections (ac, eg) are from patients without MG, while section (d) is from a patient with
paraneoplastic MG. Immunohistochemical staining of HSP90 in patients with non-thymomatous MG: a germinal center is depicted (H).

HSP90, Heat Shock Protein 90; MG, Myasthenia Gravis; MNT, micronodular tumor; TC, Thymic Carcinoma; TETs, Thymic Epithelial Tumors; WHO, World Health

Organization.

Higher HSP90a serum concentrations in TET patients
compared to non-thymomatous MG patients with FTH
Fourteen gender- (78.6% female; p = .226) and age-matched
(27.9 £ 7.9 years; p < .001) non-thymomatous MG patients
diagnosed with a histologically verified FTH were compared
to patients with TETs. HSP90a serum concentrations showed
significantly elevated serum levels in patients with thymic

neoplasms when compared to those with FTH (HSP90a[ng/
ml]: TETs 13.8 £ 1.0 vs. FTH 9.7 £ 1.3; p = .017).

Non-thymomatous MG: no differences in serum HSPs in
FTH compared to regular thymic morphology
Furthermore, we compared non-thymomatous MG patients
with FTH (n = 14) to those with regular thymic morphology



(n = 12). Serum concentrations of HSP27, pHSP27, HSP70,
and HSP90a showed no statistically significant differences.

Increased preoperative pHSP27 in seropositive and
non-steroid treated non-thymomatous MG patients
Phosphorylated HSP27 serum concentrations were significantly
increased in patients with AChR positive non-thymomatous MG
compared to seronegative patients (pHSP27[pg/ml]: seropositive
329.5 + 98.9 vs. seronegative 90.5 + 42.2; p = .012, Figure 3b).
Interestingly, serum AChR antibody titer correlated significantly
with pHSP27 in patients with non-thymomatous MG (r = 0.450,
p =.031). In patients with non-thymomatous MG, pHSP27 serum
concentrations were significantly increased in those not treated
with steroids compared to those without (p = .005, Figure 3c).
Neither the onset, early- vs late, nor the anatomical involvement
of muscular weakness (ocular or generalized) affected HSP p27,
27, 70 and 90a serum concentrations before thymectomy.

Increased HSP90a serum concentrations in non-
thymomatous MG patients without improvement following
thymectomy

Patients with non-thymomatous MG who did not benefit
from thymectomy with improving symptoms had significantly
increased preoperative HSP90a serum concentrations
(HSP90a[ng/ml]: not improved 13.3 + 1.2 vs. improved
9.6 £ 0.9; p = .039, Figure 3d).

Discussion

Biomarkers, like HSPs (p27, 27, 70 and 90), enzymes, onco-
genes and RNA, are factors generated by tumor cells, immune
cells or other cells that are involved in tumor progression or
infiltration processes.””> HSP27, HSP70 and HSP90, are over-
expressed in several tumor entities”* >° and their overexpres-
sion correlates with tumor growth, resistance to ChT,
metastases and poor survival.*>!

HSPY0 is overexpressed in breast-,”® colon->* and prostate
cancer.”” High HSP90 tumor expression reflects lower malig-
nant potential in colon cancer. Its tumor expression was
associated with earlier tumor stages and the absence of
lymph nodes and distant metastases. Also, patients with high
HSP90 tumor expression in colon cancer had better OS.*
This is in contrast to our findings in TET patients, as we
found no association with OS or CSS, while worse FFR was
evident in thymoma patients with increased HSP90a serum
concentrations. In prostate and breast cancer, HSP90 tumor
expression is elevated in higher tumor stages,”®*” in contrast
to our findings that HSP90 tumor expression was indifferent
of TET tumor staging systems. We detected increased HSP90
serum concentrations in TETs of higher Masaoka-Koga or
TNM stages (I-1I vs. II-IV).

Experimental HSP90 inhibition caused a significant reduc-
tion in the vitality, apoptosis ability, and cell cycle arrest in
cells of TC cell line TC1889 and thymoma cell line T1682.
HSP90 inhibition triggers the degradation of multiple proto-
oncogenic molecules, like insulin-like growth factor 1 receptor
(IGF-1 R) and CDK4, and the inactivation of PI3 K/Akt and
RAF/Erk signaling pathways, respectively. The IGF-1 R is
commonly overexpressed in TETs and in-vitro the IGF/IGF-
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1 R-signaling axis contributes to the establishment of the
antiapoptotic phenotype of thymic cancer cell lines. The
authors concluded that HSP90 inhibition represents
a therapeutic strategy in TETs that may merit evaluation in
clinical trials.”® In their functional study on HSP90 inhibition,
the contribution of HSP90 in thymic epithelial cells in con-
trast to non-neoplastic lymphocytes of the tumor microenvir-
onment (found particularly in B type thymomas) or regular
thymic epithelial cells was not addressed. Our immunohisto-
chemical result of HSP90 expression in TETs closes this gap
by pinpointing HSP90 expression to malignant thymic epithe-
lial cells as well as the non-neoplastic lymphocytic compart-
ment of TETs. HSP90 protein expression was not detected by
immunohistochemistry in regular thymic epithelium or TTH.
The effects on MG disease activity may be of interest in
clinical trials of HSP90 inhibition. While we did not detect
HSP90 protein expression in regular thymus or TTH, we
found immunohistochemical HSP90 expression in GCs of
MG patients.

A point-of-care diagnostic assay employing HS-27 (fluor-
escently labeled HSP90 inhibitor) was developed to detect
surface HSP90 in tissue biopsies of breast cancer patients.
The HSP90 expression was not detected in non-tumor tissue
like adipose and fibroglandular tissues. The testing with HS-
27 for patients with suspicion for TETs may be feasible and
warrants testing. As reiterated above, the immunohistochem-
ical expression of HSP90 is not only detectable in malignant
cells of all WHO tumor subtypes of TET's but also to varying
degrees in lymphocytes of the tumor microenvironment and
centroblasts of lymphoid follicles of MG patients. Therefore,
the testing of whole tissue biopsies for HSP90 by HS-27 may
not be feasible in MG patients, as adjacent thymic tissue may
deliver a false positive diagnostic test. At least in MG patients,
histology will remain the gold standard.**

Concerning the measurement of HSPs with currently
available techniques several critical points must be consid-
ered. The quantitative differences in HSP90 serum concen-
trations between our and other studies may pertain to
differences in MG treatment and/or ELISA methods
(HSP90[ng/ml] healthy volunteers Chen et al.*> vs. our
study: 60 vs. 13.4, MG patients: 170 vs. 47.5) (reference
values were derived from bar graphs).’® In our study, patients
with MG with TETs and non-thymomatous MG received
pyridostigmine, immunosuppressants and steroids. A study
on selected lung cancer patients with known increased
HSP27 serum concentrations evaluated five commercially
available assays for HSP27 measurement concerning their
capabilities to distinguish between non-small cell lung cancer
patients and healthy controls. Not all commercially available
assays were equally useful for the detection of increased
HSP27 serum levels, as the determined areas under the
curve of the receiver operating characteristic curves ranged
from 0.523 to 0.834.°>*7 We could not identify a clinical
methods study comparing different HSP90a ELISA methods.
In a Chinese study enrolling 300 cancer patients, plasma
HSP90a was reported as a novel pan-cancer diagnostic bio-
marker including colon, lung, breast and liver cancer.
Secretion of HSP90a was dependent upon its up-stream
regulator ADAMI10 (affecting HSP90 content in exosomes)
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and plasma HSP90a detection by ELISA was particularly
effective in patients with high ADAMI10 expression.
Western blotting and proteomics may identify ELISA false
negative results for HSP90a, particularly in patients with low
ADAMI10 expression and those with hyperphosphorylated
HSP90a.>® Differences between HSP90 serum and plasma
concentrations may be due to the role of HSP90 in the
coagulation system. Therefore, HSP90 serum concentrations
may be lower because many HSP90 molecules may have been
processed by the coagulation system.*®*!

Involvement of HSP90 in the pathogenesis of several auto-
immune diseases, such as Systemic Lupus Erythematosus
(HSP90),"" Sjogren’s syndrome (HSP90a),** and Alzheimer’s
disease (HSP90)*’ were reported. One hypothesis on the role
of HSPs in autoimmune diseases states that extracellular HSPs
act as “danger signals” for the immune system and stimulate
a pro-inflammatory immune reaction, which is often related
to the severity of autoimmune diseases. Another hypothesis
concerns the molecular mimicry effect of host HSPs and
bacterial HSPs (5060% homology at amino acid level) that is
important for autoantibody formation and therefore related to
pathogenesis.** Evidence that HSPs are relevant for the patho-
genesis of MG have accumulated in the peer-reviewed litera-
ture starting in 1996, reporting of a humoral immune
response with antibodies directed against human HSP60 in
30.5% of patients with MG compared to 8.5% in healthy
subjec:ts.45 In addition, elevated levels of serum HSP70-
antibodies could be found in patients with generalized and
ocular MG.*® Potentially, cross-reactive epitopes were shared
between human HSP60 and AChRs and chlamydial HSP60
and AChRs.*” Of possible clinical benefit could be the admin-
istration of microbial HSP70 as a non-disease specific immu-
notherapeutic approach promoting an immunosuppressive
phenotype on DCs, myeloid-derived suppressor cells and
monocytes.** Our finding of HSP27 and 70 expressing DCs
and thymic epithelial cells forming marginal zone-like distri-
butions in the GCs of the thymus may add to the intrathymic
pathogenesis of MG.*" Briefly, nicotinic AChRa epitopes are
presented to autoreactive CD4" thymic immigrants by thymic
antigen-presenting (possibly HSP expressing) DCs. This may
lead to their activation helping in the stimulation of AChR-
reactive B cells forming GCs that produce anti- AChR anti-
bodies — one of the hallmarks of MG development.*’

Patients with ocular and generalized MG had significantly
increased serum concentrations of anti-HSP70 antibodies
compared to healthy volunteers and patients with multiple
sclerosis.*® HSP70 is selectively located in the centroblasts
and/or B-immunoblasts of the GCs and the paracortex in
reactive lymph nodes.”® In our study, HSP90 could be
detected in the centroblasts of GCs (FTH) in patients with
MG. In a previous study we reported strong HSP27 and
HSP70 expression in medullary thymic epithelial cells and
cortical thymic epithelial cells in regular and hyperplastic
thymus. In thymus of patients with MG, we reported on
HSP27 and HSP70 expression in DCs of GCs and thymic
epithelial cells with mantle zone-like distribution. In our
study, serum HSP90a was elevated in patients with TETSs
compared to FTH, analogously to HSP70 in a previous
study that showed no difference for HSP27.>' There was no

expression of HSP27 or HSP70 in lymphocytes of TETs,
hyperplastic or regular thymus in patients with and without
MG. Both, HSP In contrast,27 and 70, were expressed in cells
of the tumor microenvironment of TETs: endothelial cells,
fibroblasts, adipocytes and macrophages.”' These data indi-
cate that HSPs may influence the immune response of
patients in inflammatory, tumorous, and autoimmune disor-
ders. However, a better understanding of the biological sig-
nificance of the overexpression of HSPs, particularly in
germinal centers of MG thymus, requires further research.

In conclusion, our group described that HSP90 is expressed in
TET and MG patients. Increased serum concentrations were
detected in patients with TETs and correlated with advanced
tumor stages. In thymoma patients high HSP90a is a prognostic
factor for worse freedom-from recurrence. Our longitudinal data
are promising that HSP90a serum concentrations may be utilized
as a cancer biomarker. HSP90a may play also a diagnostic role
and may have an impact on therapeutic procedures. Our HSP data
corroborate potential for HSPs as TET cancer biomarkers or drug
targets for HSP inhibitors. The studied toxicity and adverse effects
of HSP90 inhibition may result from disturbing the constitutive
expression of HSP90 in the rest of the body.” Caution is war-
ranted in TET patients with associated MG overexpressing HSPs.
TETs comprise a variety of histological subtypes, different staging
systems and an association with autoimmune diseases. Therefore,
orphan disease research on patients with TETs requires interna-
tional efforts such as those of the ESTS and the ITMIG with
concurrent evaluation of the autoimmune diseases.'***
Prospective evaluation of HSP90a as a cancer biomarker is
warranted.

Limitations of the study

This project carries the characteristic weaknesses of orphan
disease research.’” One particular limitation is that only patients,
which were candidates for surgical resection, were available for
this study. Patients not amenable to surgery because of non-
resectability (organ infiltration deemed unresectable or metasta-
sized patients) or patients with resectable disease but comorbities
not allowing surgery and/or anesthesia were not accessible for
this research effort. So, there is an obvious selection bias toward
surgical patients. Patients that underwent ChT and/or RT with-
out were not included. In order to increase the amount of
available tumor tissue samples this study was performed in
a prospective and retrospective manner. The number of tested
TNETSs is very small. A recent multi-institutional outcome study
on TNETS (not experimental research on tumor tissue or serum)
reported on 205 patients.>
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